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ABSTRACT
The causal mechanisms for the onset and patterns of post-Miocene erosion of the
western Great Plains remain the subject of an enthusiastic debate between the roles of
climatically-modulated geomorphic parameters and tectonic rock uplift as drivers of
long-term erosion. This study distinguishes between these drivers on the plains of New
Mexico and Colorado where post-Miocene erosion and late Cenozoic volcanism of the
Jemez lineament have produced distinctive modern landscapes characterized by deep
bedrock canyons and inverted, basalt-capped mesas. 40Ar/39Ar ages are used to define an
episodic eruption history in the Raton-Clayton volcanic field and to quantify denudation
rates from flow-capped paleosurfaces. Several datasets indicate patterns of surface
topography that are consistent with dynamic rock uplift along a NE-trending flexural
bulge above the Jemez low-velocity mantle anomaly, but are not well-explained by
climate. They include: (1) crude volcanic “belts” of similar age, (2) retreating erosional
escarpments, (3) differential landscape denudation measured from a NE-trending hingeline of “low-to-no” erosion, (4) a NE-trending zone of broad (50-100km) convexities in
stream profiles identified by an analysis of channel steepness (5) reorganization of
stream networks from ESE-flowing streams, to a SSE flowing Canadian River that takes
advantage of a relative base level fall in the SE, and (6) a ~150-km-long,

40

Ar/39Ar-dated

composite paleosurface which indicates total tilting of 64 millidegrees/Ma (and ~34
millidegrees/Ma of tectonic tilting) since 3.4 Ma. Proposed mantle-driven rock uplift
along the NE-trending Jemez zone is overprinted on N-S trending mid-Tertiary uplift of
the Rocky Mountain orogenic plateau relative to the Great Plains.
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Abstract
The causal mechanisms for the onset and patterns of post-Miocene erosion of the
western Great Plains remain the subject of an enthusiastic debate between the roles of
climatically-modulated geomorphic parameters and tectonic rock uplift as drivers of
long-term erosion. This study distinguishes between these drivers on the plains of New
Mexico and Colorado where post-Miocene erosion and late Cenozoic volcanism of the
Jemez lineament have produced distinctive modern landscapes characterized by deep
bedrock canyons and inverted, basalt-capped mesas. 40Ar/39Ar ages are used to define an
episodic eruption history in the Raton-Clayton volcanic field and to quantify denudation
rates from flow-capped paleosurfaces. Several datasets indicate patterns of surface
topography that are consistent with dynamic rock uplift along a NE-trending flexural
bulge above the Jemez low-velocity mantle anomaly, but are not well-explained by
climate. They include: (1) crude volcanic “belts” of similar age, (2) retreating erosional
escarpments, (3) differential landscape denudation measured from a NE-trending hingeline of “low-to-no” erosion, (4) a NE-trending zone of broad (50-100 km) convexities in
stream profiles identified by an analysis of channel steepness, (5) reorganization of
stream networks from ESE-flowing streams, to a SSE flowing Canadian River that takes
advantage of a relative base level fall in the SE, and (6) a ~150-km-long
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Ar/39Ar-dated

composite paleosurface which indicates total tilting of 64 millidegrees/Ma (and ~34
millidegrees/Ma of tectonic tilting) since 3.4 Ma. Proposed mantle-driven rock uplift
along the NE-trending Jemez zone is overprinted on N-S trending mid-Tertiary uplift of
the Rocky Mountain orogenic plateau, relative to the Great Plains.
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1. Introduction
The western Great Plains have seen a dramatic change since the late Miocene from
an environment of widespread aggradation associated with Ogallala Group deposition to
one of widespread incision and denudation that continues to the present. Evidence for
deep, post-5 Ma incision has also been observed throughout the Rocky Mountains and
Colorado Plateau and an enthusiastic debate has developed in the literature regarding the
causal mechanisms driving this phenomenon. The ongoing debate largely hinges on the
relative roles of tectonic rock uplift (Trimble, 1980; McMillan et al., 2002; McMillan et
al., 2006; Leonard, 2002; Eaton, 1986; Eaton, 2008; Karlstrom et al., 2012; Cather et al.,
2012) versus climatically-modulated geomorphic parameters such as changes in water
and sediment flux (Molnar and England, 1990; Gregory and Chase, 1992; Gregory and
Chase, 1994; Chapin, 2008; Wobus et al., 2010) as drivers of incision. But because the
physical effects of tectonic versus climate end-member mechanisms are difficult to
distinguish in the geologic record, geomorphic studies face the challenge of identifying
criteria that might differentiate climate-driven patterns of landscape incision from
patterns that are driven by tectonic rock uplift. Studies that implicate climate as a
dominant driver of accelerated incision and denudation, for example, are faced with the
need to verify the timing and mechanisms of Cenozoic climate change events that caused
changes in hydrology and sediment transport potential of rivers draining the eastern slope
of the Rocky Mountains. Similarly, tectonic explanations for accelerated incision must
identify the timing and mechanisms of uplift, such as thermal effects of the Rio Grande
rift or changes in mantle buoyancy. In either case, causal mechanisms are best supported
when the timing of the proposed forcing mechanism can be shown to coincide with the
onset of rapid incision. Recent approaches for the Great Plains region have included
analyses of warped/uplifted paleosurfaces (McMillan et al., 2002; Leonard, 2002),
regional patterns of landscape incision (McMillan et al., 2006), sediment transport
models (Wobus et al., 2010), and the timing of regional/continent-scale climatic and
sedimentation events (Chapin, 2008). All of these studies have concluded that both
climate and tectonics could have played important roles in the turnaround from
aggradation to incision on the Great Plains since ~5 Ma, but their relative roles remain
controversial.
2

In settings across western United States, especially in the Rocky Mountains and
Colorado Plateau, the hypothesis for late Cenozoic tectonic rock uplift has been
revitalized by increasingly well-resolved tomographic images of mantle velocity structure
(Dueker et al., 2001; Frederiksen et al., 2001; Goes and van der Lee, 2002; Schmandt and
Humphreys, 2010) that reveal strong multi-scale heterogeneity. Velocity structures have
been correlated with tectonic and magmatic activity and recent studies have also begun to
document a relationship between the position of mantle velocity anomalies and
differential river incision and tilting of paleosurfaces (McMillan et al., 2006; Eaton,
2008; Karlstrom et al., 2012). In addition, thermochronology and river incision studies
have identified increased differential incision in the last 6-10 Ma, postulated to be due to
mantle driving forces (Karlstrom et al., 2008; Karlstrom et al., 2012).
The goal of this study is to bring together multiple datasets to examine whether
patterns in topography, landscape incision/denudation, and post-Miocene drainage
reorganization on the western Great Plains can be explained by tectonic rock uplift
associated with mantle velocity anomalies. We focus on a unique part of the Great Plains
in NE New Mexico and SE Colorado where late Cenozoic volcanism of the Jemez
lineament and post-Miocene incision have combined to create modern landscapes
characterized by deep bedrock canyons and topographically-inverted, basalt-capped
mesas.

40

Ar/39Ar dating is applied to basalts of the Raton-Clayton field to create a

comprehensive eruption chronology for the northeastern portion of the Jemez lineament.
A synthesis of Ar-Ar data from Olmsted and McIntosh (2004) and Stroud (1997) is
presented that quantify patterns of landscape denudation using preserved remnants of
basalt-capped paleosurfaces. These data are combined with geomorphic analysis of river
profiles and evidence for drainage reorganization to help establish how geomorphic
changes may have responded to volcanic, tectonic, or climate forcings.

2. Regional geologic setting
2.1 The Jemez volcanic and geologic lineament
The Jemez lineament (Fig. 1A) was originally defined as a NE-trending alignment of
late Cenozoic basaltic-volcanic centers (Mayo, 1958). This zone is also described as a
long-lived intracontinental tectonic and magmatic boundary in the lithosphere (Magnani
3

et al., 2004) that crosses four major physiographic and tectonic provinces: the Colorado
Plateau, Rio Grande rift, Southern Rocky Mountains, and Great Plains. The southern
edge of the lineament is coincident with the southern edge of a lithospheric transition
zone between the Proterozoic Yavapai (1.8-1.7 Ga) and Mazatzal (1.7-1.6 Ga) provinces
(Fig. 1B). It has been suggested that this transition zone may contain fertile rocks and a
favorable conduit for magma ascent in the Cenozoic, thus providing a control on the
distribution of magmatism at the surface (Magnani et al., 2004). This zone has a long
history of reactivation (Aldrich, 1986) and is proposed to be characterized by a >100-kmwide zone of active uplift (Wisniewski and Pazzaglia, 2002).

2.2 The Jemez mantle anomaly
Figure 1B shows the P-wave velocity below New Mexico and adjacent areas as
derived from teleseismic P-wave residual measurements using the ~70-km-spacing
EarthScope Transportable Array (TA) seismic array and all available PASSCAL
experiment data rendered at 80 km depth (Schmandt and Humphreys, 2010). The late
Cenozoic volcanic fields of the Jemez lineament are observed to be underlain by a broad,
NE-trending, low-velocity anomaly that is distinct from, and cross-cuts, the N-trending
low-velocity domains associated with the Rio Grande rift. The sharp velocity contrasts
that border the Jemez anomaly below the Great Plains and the southeastern margin of the
Colorado Plateau are among the sharpest in the western United States: ≤ 4% (Vp) over
lateral distances of 100 km at a depth of 80 km. These contrasts are robust features of
these regularized tomographic inversions, which, being preferentially smoothed, may
underestimate true velocity variation amplitudes. Using standard velocity-temperature
scaling relations (e.g. Cammarano et al., 2003; Jackson and Faul, 2010), these differences
in velocity may correspond to as much as 500-700 °C of thermal contrast over lateral
distances as short as 100 km. If a melt phase is present in the low velocity domains
shown in Figure 1B (e.g. Sine et al., 2008; Schmandt and Humphreys, 2010), the thermal
contrasts could be less than 500°C, but rheologic contrasts would be enhanced. Several
geodynamic models that scale the observed velocity variations to density structure and
use reasonable mantle flow laws suggest that these large velocity contrasts may reflect
Neogene and ongoing upper mantle convective flow (Schmandt and Humphreys, 2010)
4

Figure 1. (A) Map of late
Cenozoic
volcanic
fields
(black) in New Mexico and
surrounding areas shown
above a colored, shaded DEM.
Volcanic fields located mainly
along the NE-trending Jemez
lineament
include:
SP—
Springerville,
ZB—ZuniBandera, MT—Mount Taylor,
JM—Jemez Mountains, T—
Taos, O—Ocate, and RC—
Raton-Clayton. Major rivers
shown are: SJR—San Juan
River, GR—Gila River, RG—
Rio
Grande,
PR—Pecos
River, CR—Canadian River.
Dashed
black
boundary
outlines the north-trending Rio
Grande rift. (B) P-wave
velocity variations at 80 km
(Schmandt & Humphreys,
2010). The late Cenozoic
volcanics of the Jemez
lineament are collocated with
a NE-trending zone of lowvelocity mantle and large
lateral velocity gradients.
Dashed white line represents
the approximate southern
boundary of the ~1.7 Ga
lithospheric
suture
zone
separating the Yavapai and
Mazatzal provinces. ABQ =
Albuquerque, NM.
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of perhaps 1 to 5 cm/yr. This flow pressure could, in turn, drive surface uplift of several
hundreds of meters (Moucha et al., 2009; van Wijk et al., 2010). Alternatively, or in
addition, melt flux through dike and sill networks in these low velocity regions could
cause changes in mass distribution and induce differential isostatic adjustments that
influence topography. Because of uncertainty about buoyancy-producing mechanisms in
the mantle, we use the term “mantle-driven dynamic topography” in the broad sense to
mean topography that has been modified by young (post-10 Ma) tectonism as driven by
mantle convection (differential pressures at the base of the lithospheric plate) and/or
changes in mantle buoyancy within and below the plate (Karlstrom et al., 2012).

2.3 Tectonic history of the Great Plains
The Great Plains consists of a broad topographic ramp that connects the uplifted
regions of the Rockies with the low-elevation midcontinent. The geometry of the ramp
suggests broad epeirogenic uplift associated with the N-S Rockies (Eaton, 1986; 2008).
The vast interior region of North America spent nearly half a billion years, between ca.
570 Ma and 70 Ma, covered by shallow seas that deposited a thick blanket of flat-lying
sedimentary rocks (Trimble, 1980). Beginning at approximately 75 Ma, the Laramide
orogeny caused uplift of the western U.S. and produced a broad and relatively featureless
Great Plains surface sloping gently eastward from the nascent Rocky Mountains. For
much of the 70 million years that followed, the Great Plains acted as zone of aggradation
for sediments being shed eastwards off the uplifting Rockies. When the most recent
episode of aggradation, which culminated in the deposition of Ogallala Group sediments,
ended on the southern High Plains at approximately 4.5 Ma (Chapin, 2008 and references
therein), the region entered a period of fluvial exhumation that continues to the present.
Timing of development of the Great Plains ramp is important for unraveling Laramide
and Oligocene components of Rocky Mountain uplift, whereas studies of recent
exhumation can shed light on possible post-5-10 Ma dynamic topography.

2.4 The Raton Section
The Raton section (Fig. 2A) is a physiographically-distinct region of the western
Great Plains that is located adjacent to the Southern Rocky Mountains and spans >44,000
6

km2 along the New Mexico-Colorado border at 37°N (Fig. 2A). From east to west,
elevations increase from ca. 1000 to 2500 m and bedrock geology consists primarily of
mildly-deformed Mesozoic sedimentary rocks which are unconformably overlain by
remnants of Neogene fluvio-clastic units (e.g. the Miocene Ogallala Formation). The
landscapes in this region are dominated by the flows and cones of the Raton-Clayton and
Ocate volcanic fields, which have been episodically active since about 10 Ma (Stroud,
1997; Olmsted and Mcintosh, 2004, this study). These fields represent the northeasternmost expression of Jemez lineament volcanism.
The diverse volcanic landscapes of the Raton section have been carved into locallyhigh relief by post-Miocene erosion of the Great Plains surface, resulting in the formation
of basalt-capped mesas and volcanic edifices that often stand high above the surrounding
plains (Figs. 2B and C), especially in the northwest. For instance, mesa-capping flows
near Raton, NM (‘Ra’ in Fig. 2A) rest nearly 550 m above the Canadian River. The
gradual southeasterly slope of the Raton section is punctuated in two places by the NEtrending Canadian and Cimarron erosional escarpments (Fig. 2D). These erosional
features rise 300-400 m from base to top and extend for straight-line distances of about
160 km and 80 km, respectively, imparting to the region a staircase-like topography of
retreating cliffs held up by relatively resistant strata (Fig. 3).
Elsewhere, rivers have carved spectacular bedrock canyons into the Mesozoic and
late Cenozoic sedimentary rocks that underlie much of the Plains. The Canadian River,
for example, has carved a 100-km-long, 400-m-deep, and 1-km-wide canyon from
Springer to Sabinoso, NM (Figs. 2A and E). For comparison, these dimensions make this
relatively unknown feature longer, deeper, and nearly as wide as the often-visited Grand
Canyon of the Yellowstone at Yellowstone National Park in Wyoming. Other impressive
canyons can be found along the Mora and Dry Cimarron Rivers (Fig. 2A). This region is
especially well-suited to studies of landscape evolution given the abundant age
constraints on basalt-capped mesas and evidence for widespread erosion in the late
Cenozoic.

7

Figure 2. (A) Topography of the Raton physiographic region shown with a colored, shaded DEM. The
widespread flows and cones of the Raton-Clayton (RC) and Ocate (O) volcanic fields and the Canadian
(CanE) and Cimarron (CimE) erosional escarpments are all dominant features of this landscape. PP—
Park Plateau, Ra—Raton, Sp—Springer, Sb—Sabinoso, Cl—Clayton. (B) The Wagon Mound, capped
by a ~6 Ma basalt flow. Photo by Laura Crossey. (C) Eroded volcanic edifices in the Raton-Clayton
volcanic field north of Gladstone, NM. (D) View of the 350-m-tall Canadian escarpment from NM
Hwy 104, photo by Richard Denny. (E) View of the Canadian River Canyon near Mills Canyon
campground. Photo from summitpost.org.
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Figure 3. Northwest-southeast cross section along A-A’ (see Fig. 2A) showing the staircase-like
topography of the Raton section with schematic subsurface geology. Vertical exaggeration is 21x.
Stratigraphic units are: PP—Permian-Pennsylvanian, Tr—Triassic, J—Jurassic, K—Cretaceous, TK—
Late Cretaceous-Tertiary of the Raton Basin, To—Tertiary Ogallala. Subsurface geometries are based
on Cather (2004; 2012). Projected basalt flows (Tb) from the Raton-Clayton field shown in red.
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3. Geochronology of the Raton-Clayton volcanic field
3.1 Field Methods
The Raton-Clayton volcanic field spans ~ 20,000 km2 with eruptive centers in New
Mexico and southern Colorado. A general geographic overview of the field is shown in
Figure 4 along with place names that will be used frequently hereafter. Sixty-four basalt
samples were collected from localities throughout the Raton-Clayton volcanic field to
provide a representative sampling of most of the existing volcanic features. At each
sample locality (Fig. 5), 1-2 hand samples were collected from a volcanic feature, such as
a flow or cone for 40Ar-39Ar dating. Hand samples consisted of 1-2 kg of fresh, nonvesicular lava or the central portions of volcanic bombs.
3.2 40Ar/39Ar analytical methods
Hand samples were initially crushed and sieved as a first step in obtaining
groundmass concentrates. Groundmass concentrates were prepared from the 1.18 to
0.850 mm fraction by hand-picking fragments devoid of visible phenocrysts under a
binocular microscope. For seven samples, concentrates were also prepared from the 300250 µm, 250-180 µm, and 180-150 µm sieve fractions. The nonmagnetic and highly
magnetic portions of all samples were removed with a Frantz magnetic separator prior to
irradiation in an attempt to eliminate xenocrysts from the groundmass concentrates.
The sample grains were treated in a solution of dilute HCl, then ultrasonically
cleaned in distilled water. Samples were placed in aluminum irradiation trays with
alternating flux monitors of the Fish Canyon Tuff sanidine (27.84 Ma relative to Mmhb-1
hornblende at 520.4 Ma; Samson and Alexander, 1987) and were irradiated between one
to ten hours in the reactor at Texas A&M or the Ford reactor at the University of
Michigan. The samples were analyzed two to five months following irradiation in order
to allow decay of 37Ar, which can degrade mass spectrometer performance. Moreover,
three additional experiments were run. In the first of these, some samples were prepared
in much larger quantities (400-500 mg) in an effort to increase precision by increasing the
36

Ar signal. In the second experiment, variable grain sizes (850-150 µm) were used in an

attempt to eliminate excess argon derived from xenocrysts present in the sample. A third
experiment was conducted to measure the presence, if any, of excess 40Ar in olivine
10

Figure 4. Geographic overview of the Raton-Clayton volcanic field shown above a colored, shaded
DEM. Volcanic vents (white dots) were compiled from the New Mexico State Geologic Map and
Stroud (1997).
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present in sample JS-94-4. Results and inferences from these additional experiments are
reported in Stroud (1997) along with all spectra and tables of raw data.
Analyses were performed at the New Mexico Geochronology Research Laboratory
at the New Mexico Institute of Mining and Technology. When samples were run, this
facility included a MAP 215-50 mass spectrometer attached to a computer-automated allmetal argon extraction line. Sanidine flux monitors were fused by a CO2 laser for 5
seconds and reactive gases were removed by SAES GP-50 getter prior to gas expansion
into the mass spectrometer. A double-vacuum Mo resistance furnace was used to heat
the groundmass concentrate samples. Samples were incrementally heated in eleven steps
from 500-1650 ºC. Heating times of eight to ten minutes were simultaneous with
reaction with an AP-10 getter. Additional gas cleanup was conducted by reaction with a
GP-50 getter for five to ten minutes. Isotopic data are corrected for extraction line blank,
which for furnace analyses ranged from 3 × 10-16 to 3 × 10-15 moles 40Ar and from 2 × 1018

to 9 × 10-18 moles 36Ar.

3.3

40

Ar/39Ar Results

40

Ar/39Ar results support a previously recognized three-phase division of volcanism

in the Raton-Clayton volcanic field, which was based on geochemical and K/Ar studies
(Calvin, 1987, and references therein). The large dataset and higher precision of this
40

Ar/39Ar analysis allow for more detailed interpretation regarding the timing of the

eruptions in the volcanic field as shown in Figure 5. Table 1 summarizes the eruptive
history of the volcanic field using preferred isochron or plateau ages for the RatonClayton field, that were initially reported by Stroud (1997). Although in some cases, we
have reevaluated Stroud’s (1997) original preferred ages, it should be noted that our
subsequent erosion rate calculations and interpretations are insensitive to any changes
made. All age spectra and isochron plots are located in the Appendix at the end of this
document. Ocate volcanic ages were reported in Olmsted and McIntosh (2004) and are
discussed below.
The earliest episode of eruption was the Raton phase, which lasted from about 9.03.6 Ma (Fig. 5) and consists of the following widespread volcanic units: flows in the
north near Raton, NM, the Red Mountain rhyodacite domes and some early
12

TABLE 1. SUMMARY OF 40Ar/39Ar RESULTS FROM THE RATON-CLAYTON VOLCANIC FIELD
Geographic Location
Long
Lat
Elevation Age Type#
Age
± Error
(°W)
(°N)
(m)
(Ma)
(2σ)
JS-94-4
3rd Capulin volcano flow*
-103.9778
36.7433
2067
A (n=5)
0.225
0.058
JS-94-5
Clayton flow, NE of Clayton
-103.1961
36.4733
1542
P
2.32
0.04
JS-95-1
Bartlett Mesa Flow, N. Raton
-104.4153
36.9428
2475
I
3.37
0.1
JS-95-3
Dale Mtn Flow
-104.1869
36.9244
2542
P
4.03
0.12
JS-95-5
Purvine Hills flow
-103.8514
36.8144
2048
I
0.52
0.2
JS-95-6
Carr Mtn flow
-103.8144
36.8186
2036
I
1.43
0.11
JS-95-7
5th Capulin volcano flow
-103.9756
36.7919
2200
A (n=6)
0.056
0.008
JS-95-8
Sierra Grande, E stream cut*
-103.8142
36.6839
1981
P
2.79
0.04
JS-95-9
Sierra Grande, eroded vent*
-103.8244
36.6914
2018
P
3.8
0.2
JS-95-10
Chaco Arroyo flow
-104.0786
36.7556
2094
P
1.14
0.13
JS-95-12
Eagle Tail Mtn flow
-104.3869
36.6669
1981
P
0.98
0.01
JS-95-13
W. Johnson Mesa flow (Upper)
-104.2703
36.9383
2438
P
7.73
0.03
JS-95-13A W. Johnson Mesa flow (Lower)
-104.2703
36.9383
2438
P
8.15
0.04
JS-95-14
E. Johnson Mesa flow
-104.0703
36.9081
2304
P
7.61
0.02
JS-95-15
Capulin volcano bomb
-103.9633
36.7756
2146
P
0.034
0.019
JS-95-16
Ute Creek flow
-103.9264
36.3047
1768
I
3.4
0.11
JS-95-17
Capulin volcano - Boca
-103.9864
36.7822
2237
P
0.05
0.03
JS-95-18
E. Johnson Mesa flow
-104.0678
36.9086
2289
P
7.98
0.03
JS-95-20
Barela Mesa flow
-104.2933
36.9767
2560
P
9.04
0.04
JS-95-21
Yankee volcano flow
-104.3161
36.9383
2256
P
1.14
0.16
JS-95-22
N. Johnson Mesa flow
-104.2211
36.9572
2389
P
7.99
0.06
JS-95-23
Little Horse Mesa flow
-104.4019
36.9822
2524
I
3.6
0.07
JS-95-25
Trinchera dike
-104.0525
37.0022
1859
I
19.4
0.2
JS-95-27
Block, Trinchera center
-104.0750
36.9900
1999
I
21.88
0.35
JS-95-28
Flow, Trinchera center
-104.0764
36.9794
1896
P
0.13
0.05
JS-95-29
Sierra Grande, E. base flow*
-103.8160
36.7180
2034
P
2.97
0.11
JS-95-31
Mt Dora summit
-103.4589
36.5406
1896
I
2.03
0.14
JS-95-32
Capulin volcano, crater
-103.9678
36.7817
2463
A (n=2)
0.065
0.049
JS-95-34
Clayton flow, NE
-103.2181
36.4967
2091
I
2.44
0.08
JS-95-35
Rabbit Ears flow
-103.2792
36.5428
1646
I
2.31
0.33
JS-95-36
Raton dike
-104.4494
36.8956
2060
I
15.37
0.39
JS-95-37
Clayton flow, E.
-103.1261
36.5428
1505
P
2.35
0.06
JS-95-38
Mt Dora flow
-103.4689
36.5278
1774
P
2.24
0.06
JS-95-40
Clayton flow, SW Chavez Mtn
-103.7375
36.5953
1847
I
2.26
0.12
JS-95-42
Block, Tripod Mtn
-103.6567
36.5917
1878
I
1.46
0.36
JS-95-43
Cow Mtn flow
-103.7778
36.6150
1963
I
2.18
0.12
JS-95-48
Twin Mtn flow
-103.8847
36.8011
2079
P
0.048
0.014
JS-95-49
Sierra Grande, E. edge*
-103.8158
36.6981
1966
P
2.77
0.04
JS-95-50
Sierra Grande, N. edge
-103.8592
36.8186
2036
P
2.6
0.09
JS-95-51
Las Mesetas flow
-104.0681
36.4500
1951
P
0.64
0.14
JS-95-52
Chico Hills intrusive
-104.0675
36.4864
2079
I
22.8
0.23
JS-95-53
Rd 193 flow, S.
-104.0644
36.5289
2024
I
3.21
0.06
JS-95-55
"The Crater" flow
-104.1750
36.5642
2365
I
0.124
0.03
JS-95-56
Kiowa Mesa flow*
-104.1139
36.6439
2182
I
6.86
0.2
JS-95-57
Upper Folsom Falls flow
-103.8800
36.8714
1902
I
2.58
0.28
JS-95-58
Lower Folsom Falls flow
-103.8586
36.9011
1853
I
2.86
0.24
JS-95-59
Mesa Larga flow
-104.1511
36.6939
2280
I
6.12
0.1
JS-95-61
Flow beneath Pine Buttes
-104.1639
36.6044
2295
I
3.58
0.06
JS-95-62
Pine Butte center
-104.1625
36.6011
2371
I
3.58
0.02
JS-95-63
Red Mtn flow, older
-104.3083
36.6764
2060
I
1.14
0.12
JS-95-64
Red Mnt flow, younger
-104.3136
36.6758
2072
I
1.28
0.06
JS-95-66
Hwy 193 cone
-104.1153
36.6106
2182
I
1.05
0.19
JS-95-67
Blosser Mesa flow
-104.2125
36.7044
2164
I
0.73
0.06
JS-95-70
Blosser Mesa cone
-104.2375
36.7056
2198
I
1.25
0.07
JS-96-1
Roy flow, W.
-103.9614
36.0586
1713
I
4.67
0.04
JS-96-2
Roy flow, NE
-103.9292
36.2444
1774
I
5.29
0.08
JS-96-3
Mesa de Maya flow, W.*
-103.5630
37.1690
1891
P
5.05
0.02
JS-96-4
Mesa de Maya flow, E.*
-103.5030
37.1380
1865
P
5.1
0.03
JS-96-5
Horseshoe Crater flow
-104.0089
36.6811
2118
P
0.44
0.08
JS-96-6
Mt. Clayton flow
-103.6228
36.5331
1878
P
2.3
0.2
JS-96-7
Don Carlos Hills flow, E.
-103.8064
36.4011
1911
P
3.6
0.5
JS-96-12
Fischers Peak flow, upper
-104.4036
37.0094
2676
I
10.19
0.03
JS-96-13
Don Carlos Hills cone
-103.8719
36.3897
2036
I
3.44
0.18
JS-96-14
Kelleher Mesa flow
-104.0619
36.9450
2225
I
8.98
0.09
* Latitude/longitude for this sample were corrected from Appendix C in Stroud (1997) to accurate locations
† Age type: Plateau (P), Isochron (I), or Average (A) of multiple plateau ages (n = number of ages included in average).
Sample
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MSWD
NA
NA
1.7
NA
0.91
2.53
NA
NA
NA
NA
NA
NA
NA
NA
NA
2.06
NA
NA
NA
NA
NA
0.28
6.5
1.35
NA
NA
1.25
NA
2.54
0.73
3.0
NA
NA
0.67
0.95
0.96
NA
NA
NA
NA
28.3
2.56
1.17
0.36
0.78
3.0
4.98
2.24
3.89
0.13
2.51
1.13
0.58
0.58
2.43
2.58
NA
NA
NA
NA
NA
88.6
2.66
2.41

Figure 5. Volcanic phase map for the Raton-Clayton volcanic field following the three-phase division
of Stroud (1997). Sample locations of all extrusive rocks are shown with black dots. Labels include the
sample number followed by the 40Ar/39Ar age and 2-sigma error (both in Ma). Symbols denote sample
number prefix: †—JS-94, ‡—JS-96. Sample numbers with no symbol have the prefix JS-95. Table 1
lists samples by their sample numbers.
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feldspathoidal basalts, the Yates and Mesa de Maya flows, the Bartlett Mesa basalts and
the Sierra Grande and Pine Butte andesites. Near Raton, NM, eruptions lasted from 9.04
± 0.04 to 7.73±0.03 Ma. These alkali olivine basalts filled local topographic lows,
probably valley floors and plains, at the time of eruption. The Red Mountain rhyodacite
domes on Johnson Mesa were extruded ca. 7 Ma (Scott et al., 1990), then small
feldspathoidal basalt eruptions occurred on Johnson Mesa around 6 Ma (Scott et al.,
1990) and 4.03±0.12 Ma. The Yates olivine basalt flows were erupted between
5.29±0.08 and 4.67±0.04 Ma. The Bartlett Mesa basalts (also near Raton, NM) erupted
around 3.37±0.10 Ma. Although the Bartlett Mesa basalts erupted about five million
years after the next youngest basalts of the Raton phase, they are classified with the
Raton phase here based on their geochemical and geomorphological similarities (Stroud,
1997). The only stratovolcano in the field, Sierra Grande (Fig. 4), began erupting at
3.8±0.2 Ma and the eruptive activity continued into the later Clayton phase. The
3.58±0.02 Ma Pine Butte andesite dome is the only other andesite unit in the RatonClayton volcanic field.
The ~3-2.2 Ma Clayton phase is limited to flows and eruptive centers located in the
central and eastern sections of the volcanic field (Fig. 5). This phase contains flows near
the town of Clayton, NM (Fig. 4) and the younger eruptive sequence of Sierra Grande.
The Clayton basalts consist of voluminous transitional olivine basalts interpreted as
having erupted from several fissures which were subsequently covered by younger cinder
cones of later eruptions (Dungan et al., 1989). Eruptions in the Clayton phase began at
Sierra Grande at 2.97±0.11 Ma, then spread across the landscape towards the southeast.
Ages obtained from the andesite flows of Sierra Grande indicate an active eruption cycle
shortly before eruptive activity near Clayton, NM. The final eruption of the Clayton
phase was at Mt. Dora, a shield volcano lying between Clayton and Sierra Grande, at
2.03±0.13 Ma.
The most recent eruptive episode is known as the Capulin Phase and consists of the
post-2 Ma Capulin basalts and scattered feldspathoidal flows (Fig 5). After a 0.5 Ma
lapse in volcanism starting at about ~2.2 Ma, eruption of the Tripod Mountain flow at
1.46 ± 0.36 Ma signaled the beginning of the Capulin phase (JS-95-42 in Table 1 and Fig.
5). Olivine basalts began erupting at 1.14±0.13 Ma and continued to the latest activity at
15

Capulin volcano, which has an eruption age of 56 ± 8 ka. These Capulin basalts are
found in the western and central part of the volcanic field and occupy modern valley
floors. The exception to this is in the western part of the field, where flows form
topographically inverted mesas 30-165 m above local base levels. These western flows
had previously been considered as part of the Clayton phase because of their high relief
(Scott et al., 1990), but their petrologic properties (Dungan et al., 1989) and 40Ar/39Ar age
range place them within the Capulin phase.

4. Volcanic topography
The 40Ar/39Ar geochronology dataset for the Raton-Clayton volcanic field can be
combined with that of the Ocate volcanic field (Olmsted and McIntosh, 2004) to examine
the general geographic distribution of volcanic eruptions through time. Figure 6A shows
both volcanic fields where Ocate field flows have also been grouped by age according to
the three-phase division that was applied to Raton-Clayton field volcanics (Stroud, 1997).
Flows that erupted during the Raton phase are generally found in the northwestern and
southeastern parts of both fields, Clayton phase flows are generally found in the central
part of each field, and Capulin phase flows are distributed between the central and
southern parts of both fields. Figure 6B shows compilation of all mapped vents from
these volcanic fields. Vents with 40Ar/39Ar ages are shown as larger dots with a black
bulls-eye, while the eruptive phase to which all other vents belong has been inferred from
the flow mapping of Stroud (1997) and Olmsted and McIntosh (2004). We suggest that
approximately synchronous volcanism was concentrated in crude NE-trending
alignments, or belts, during a given eruptive phase (Fig. 6B). The Raton phase may
exhibit two parallel belts, whereas volcanism of Clayton and Capulin phases is
concentrated between the Raton trends, giving the region a NE-trending zonation of ages,
sub-parallel to the overall Jemez lineament. Despite this first-order pattern, no systematic
volcanic migration trends are documented.

5. Long-term denudation rates
Basalt capped mesas form “inverted topography” in the sense that flows that once
occupied the lowest parts of the local landscape are preserved today as the highest
16

Figure 6. (A) Extrapolation of the three-eruptive-phase division from the Raton-Clayton volcanic field
(Stroud, 1997) to the Ocate volcanic field. 40Ar/39Ar ages and flow maps from Olmsted and McIntosh
(2004) were used to create the phase divisions in the Ocate volcanic field. (B) Volcanic vents (colored
dots) and interpreted belts of synchronous volcanism (colored bars). Dots with bull-eye indicate dated
vents, whereas the age of all other vents is inferred from the flow distribution in (A).
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topographic mesas because of basalt’s relative resistance to erosion. Topographicallyinverted flows in the Raton-Clayton and Ocate volcanic fields are widely distributed in
terms of both age and geography, thus providing an excellent opportunity to examine
rates and patterns of landscape denudation on a regional scale. Previous studies also
recognized this potential and utilized denudation data in their reports on the
physiographic evolution of one field or the other (O’Neill and Mehnert, 1988; Stroud,
1997; Olmsted and McIntosh, 2004). However, this study is the first to integrate all data
using a consistent measurement technique on elevated basalt flows (n = 28) within both
volcanic fields to evaluate patterns of differential denudation across the region.

5.1 Calculating long-term average denudation rates
Long-term denudation rates were calculated by dividing the elevation difference
between the estimated bottom of a mesa-capping basalt flow and the adjacent valley floor
(local modern base level) by the age of the flow. Adjacent valley floor (AVF) elevations
were chosen from digital topographic profiles of each mesa at the location where the first
significant decreasing break in slope was observed along its flanks. Elevation differences
between basalt-capped paleosurfaces and their AVFs were then measured in the field
using a laser rangefinder and 1:24:000 USGS topographic maps. 40Ar/39Ar ages on flows
come from Olmsted & McIntosh (2004) and this study. Errors associated with the
40

Ar/39Ar eruption ages are not incorporated into estimates of denudation because they

are insignificant relative to inherent geologic uncertainties. In cases where multiple ages
and elevations exist for a single mesa (e.g. Charette Mesa), we used the age and elevation
of the flow nearest to our area of interest. We avoided the method of measuring
denudation to the nearest major drainage because this procedure typically results in
significant overestimates of denudation due to the deep incision of many stream networks
into the modern Great Plains surface. It is therefore important to distinguish canyon
incision rates from landscape denudation rates to draw meaningful comparisons between
the elevations of modern and paleo-Great Plains surfaces. Incision rates for the Canadian
River are discussed in Wisniewski and Pazzaglia (2002).
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5.2 Spatial patterns in long-term average denudation
The results of our denudation calculations can be seen in Figure 7A and are
enumerated in Table 2, where labeled/listed flows include only those that were accessible
for elevation measurements in the 2011 field season. Long-term denudation rates are
observed to vary widely depending on the location of the flow, with maximum rates
observed at Yankee and Bartlett Mesas (>100 m/Ma since 1.14 and 3.4 Ma, respectively)
in the northwestern part of the Raton-Clayton field (within red box, Fig. 7A). Minimum
long-term rates are seen in the southern and eastern parts of both volcanic fields, where
basalt flows that range in age from 1.6 to 4.7 Ma show little-to-no denudation since they
were emplaced. Our long-term denudation rates usually only differ by a few m/Ma from
estimates made by Stroud (1997) for the Raton-Clayton field, and are typically lower than
those presented by Olmsted and McIntosh (2004) for the Ocate field (in one case our rate
is lower by >20 m/Ma). Although these differences in calculated rates are significant,
they were also expected given our use of different methods for measuring elevations and
for selecting a meaningful AVF or ‘local base level.’ Despite differences in the
numerical values of our denudation rates, our data verify the same general spatial patterns
that were evident in previous studies, namely that denudation rates are highest in the
northwest parts of the volcanic fields and decrease in the southeast-direction towards a
NE-trending zone, or hinge-line, of ‘low-to-no’ denudation. This hinge-line is drawn
schematically in Figure 7A. Figure 7B shows that this spatial relationship of decreasing
denudation rates towards the southeast holds true for both volcanic fields (r2 = 0.60), but
is more pronounced in the Ocate field where there is an almost-linear (r2 = 0.82, but
regression not shown in Fig. 7B) increase in long-term denudation rate as a function of a
flow’s projected position along the transect B-B’. A similar trend is seen between the
total magnitude of denudation (rather than the long-term rate) and flow position along BB’ where r2 = 0.49 for data from both fields (Fig. 7C). These plots clearly demonstrate
that the high variability of long-term denudation rates in our study area has a systematic
distribution, with higher rates to the NW, decreasing to near-zero denudation along a NEtrending hinge-line located in the southeastern part of both fields. This predictable NWSE trend is not evident in transects oriented in other directions.
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Figure 7. (A) Summary of long-term average denudation rate calculations for the Raton-Clayton and
Ocate volcanic fields. Rates are highly variable (114 – 0 m/Ma), but generally decrease towards a
southeast zone of low-to-no erosion, drawn schematically as a dashed white line. Colored boxes
indicate areas where rates were calculated through time (see Fig. 8). (B) Denudation rate as a function
of projected flow position along the transect B-B’ shown in part A. (C) Denudation magnitude as a
function of projected flow position along the transect B-B’, shown in part A. (D) Denudation rate as a
function of flow age. (E) Denudation magnitude as a function of flow age. For parts B-E, R2 values
represent the correlation for the entire data set (both Ocate and Raton-Clayton) and show that rates and
magnitudes of denudation are more highly correlated with the NE-SW position of a flow than the age of
that flow.
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Raton-Clayton
(RC) or Ocate
(O)

Age (Ma)

2σ Error
(± Ma)
Long (°W)

Lat (°N)

Basal Flow AVF elev.
Denudation
elev. (m)
(m)
magnitude (m)

Denudation
rate (m/Ma)

TABLE 2. AGE AND ELEVATION DATA USED FOR CALCULATING LONG-TERM AVERAGE DENUDATION RATES

Location/Flow name

Flow position
#
along B-B' (km
from NW)

JS-94-5
Clayton South Flow
RC
2.32
0.04
-103.1961 36.4733
1539
1498
41
18
236
JS-95-1
Bartlett Mesa
RC
3.37
0.1
-104.4153 36.9428
2451
2079
372
110
136
JS-95-12
Eagle Tail Mesa
RC
0.98
0.01
-104.3869 36.6669
1970
1878
92
94
163
JS-95-13
Johnson Mesa (SE)
RC
7.73
0.03
-104.2703 36.9383
2516
2018
498
64
143
JS-95-16
Don Carlos Flow at Ute
RC
3.4
0.11
-103.9264 36.3047
1768
1768
0
0
219
JS-95-20
Barela Mesa
RC
9.04
0.04
-104.2933 36.9767
2510
1969
541
60
138
JS-95-21
Yankee Mesa
RC
1.14
0.16
-104.3161 36.9383
2252
2121
130
114
141
JS-95-34
Clayton North Flow
RC
2.44
0.08
-103.2181 36.4967
1556
1509
47
19
233
JS-95-37
Hwy 406 Flow
RC
2.35
0.06
-103.1261 36.5428
1502
1495
7
3
233
JS-95-53
Alamo Creek Flow
RC
3.21
0.06
-104.0644 36.5289
2024
2024
0
0
192
JS-95-56
Kiowa Mesa
RC
6.86
0.2
-104.1139 36.6439
2271
2140
132
19
179
JS-95-59
Mesa Larga
RC
6.12
0.1
-104.1511 36.6939
2277
2195
83
13
171
JS-95-67
Blosser Mesa Flow
RC
0.73
0.06
-104.2125 36.7044
2091
2032
59
81
168
JS-96-1
El Cerrito
RC
4.67
0.04
-103.9614 36.0586
1700
1679
21
4
241
JS-96-3
Mesa de Maya
RC
5.05
0.02
-103.6031 37.1903
1885
1756
130
26
149
JS-96-4
Black Mesa
RC
5.1
0.03
-102.9511 36.9483
1475
1445
31
6
202
OCA-001
Maxson Crater Flow
O
1.58
0.16
2018
217
-104.8575 35.8783
2018
0
0
O
OCA-008-2 Wagon Mound Flow over 1-25
3.01
0.04
-104.7138 36.0044
1923
1902
21
7
212
O
OCA-014
Mesa del Conjelon West
6.03
0.03
-104.6466 35.9886
2050
1920
130
22
216
O
OCA-016
Charette Mesa
3.2
0.04
-104.8155 36.2085
2043
1960
83
26
188
O
OCA-019
Apache Mesa
4.59
0.02
-104.9056 36.1846
2248
2045
202
44
185
O
OCA-036
Urraca Mesa
4.51
0.06
-104.9941 36.4127
2463
2115
347
77
160
O
OCA-037
Rayado Mesa
4.46
0.04
-104.9038 36.2936
2208
1975
233
52
175
O
OCA-039
Rivera Mesa
3.47
0.05
-104.9184 36.2499
2107
1957
150
43
179
O
OCA-041
Ortega Mesa Remnant
3.51
0.02
-104.9239 36.2748
2175
2036
139
40
177
O
OCA-057
Salt Lake North
2.2
0.02
-104.7035 36.0450
1894
1875
19
9
208
O
OCA-068
Wagon Mound
6.07
0.02
-104.6959 36.0005
2028
1896
132
22
214
O
OCA-078
Santa Clara Mesa
6.02
0.04
-104.7316 36.0082
2097
1932
165
27
210
*All ages and their associated errors are originally from Stroud (1997) and Olmsted and McIntosh (2004), indicated by Sample IDs which begin with "JS-" and "OCA-", respectively
† Vp% (P-wave velocity) data at 80km depth from Schmandt & Humphreys (2010)
# Distance along the NW-SE transect line, B-B' (Fig. 7)

Sample ID*

1.50
-1.40
-1.50
-1.35
0.05
-1.35
-1.37
1.50
1.75
-1.00
-1.42
-1.49
-1.49
0.86
-0.34
0.62
-0.63
-0.38
-0.17
-1.30
-1.48
-1.74
-1.62
-1.56
-1.56
-0.55
-0.38
-0.38

Vp % at
†
-80 km

The strength of this spatial relationship is emphasized when we compare denudation
rates and magnitudes to the 40Ar/39Ar age of a flow. Figure 7D shows that, using data for
both fields, there is no distinguishable correlation (r2 = 0.02) between long-term
denudation rate and the age of a mesa-capping flow. Moreover, the relationship between
flow age and the total magnitude of denudation at a flow (Fig. 7E) is also relatively weak
(r2=0.38, for data from both fields) when compared to the stronger relationship (r2=0.49)
between denudation magnitude and flow position along the B-B’ transect (Fig. 7C).
These results differ from the situation in uniformly eroding landscapes where older mesas
are always expected to be located at the higher points on the land surface (O’Neill and
Mehnert, 1988; Stroud, 1997; Olmsted and McIntosh, 2004). The plots in Figure 7 imply
that differential denudation in the Raton section is strongly dependent on the position of
flows on the landscape and that is independent of basalt flow age.

5.3 Temporal patterns in long-term average denudation
Temporal variations in long-term denudation rates have been examined at four
locations where dated basalt flows of variable ages reside in close proximity to one
another (Fig. 8). Near Raton, NM (red box, Fig. 7A), four closely-spaced flows show
that average landscape denudation rates were relatively low (~10 m/Ma) between ~9 and
3.4 Ma, but rose sharply (90-114 m/Ma) between 3.4 Ma and the present. In the Mesa
Larga region (green box, Fig. 7A), three flows demonstrate that rates between ~6.9 Ma
and 0.7 Ma were relatively slow (~39 m/Ma) and increased to ~80 m/Ma from 0.7 Ma to
the present. Slow rates of denudation before 3.4 Ma (as observed near Raton) are
compatible with deposition of Ogallala Formation on the Southern High Plains from ~13
to 4.5 Ma (Chapin, 2008 and references therein).
At both sites in the Raton-Clayton field, we observe a general trend of increasing
rates of long-term denudation from the late Miocene towards the present. A somewhat
different pattern, however, is observed at two locations in the Ocate volcanic field where
denudation rates were relatively high near the end of the Miocene and decreased to the
present (Fig. 8). In the Charette Lakes area (yellow box, Fig. 7A), for example, five
flows indicate that the average denudation rate was ~147 m/Ma between ~4.6 and 3.2 Ma
and decreased to ~37 m/Ma, thereafter. Near Wagon Mound, NM, five mesas indicate
22

Figure 8. Summary of denudation rates through time for four areas using an age-elevation plot. See
colored boxes in Figure 7a for locations of these flows. Shaded region from 3-5 Ma shows the
interpreted approximate onset of high denudation rates.
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that the average rate of denudation was ~34 m/Ma between ~6.1 and 3.01 Ma and
decreased to ~16 m/Ma, thereafter. Data used in the calculation of rates through time are
tabulated in Table DR1 of the Appendix.
The fact that the two volcanic fields show different results with respect to temporal
changes in denudation rate (rates increase towards the present in Raton-Clayton and
decrease in Ocate) was noted by Olmsted and McIntosh (2004), who speculated that these
seemingly contradictory results might be due to the locations within the respective
volcanic fields where denudation rates were calculated. They noted that the high
denudation rates observed from ~3.4 Ma to the present by Stroud (1997) near Raton, NM
may reflect local headward erosion because these flows are located in the northwest part
of the field, near the headwaters of major drainages. However, the flows near Raton are
not substantially closer to the headwaters of major drainages in the Sangre de Cristo
Mountains, and the Mesa Larga flows are actually substantially farther away. An
alternative interpretation proposed for this study is that the temporal variations in
denudation between the Raton-Clayton and Ocate fields are not contradictory at all.
Rather, because an apparent onset of high denudation rates at all four locations (Fig. 8)
appears to occur within a relatively narrow time bracket between ~4.5 and 3.5 Ma, a
single regional forcing could explain the variable rates in both fields. Such a forcing
could be magmatic inflation associated with the Clayton and Capulin eruptive phases or
some longer-wavelength form of tectonic or isostatic uplift that was accompanied by
headward erosion of streams into the active uplift in all areas. Headward erosion of
streams in the Raton section and our model for post-Miocene drainage reorganization of
this region, with age new 40Ar/39Ar age constraints and possible causal mechanisms, are
discussed later in the paper.

5.4 Understanding spatial and temporal patterns of denudation
In general, the spatial and temporal patterns of differential denudation rates observed
in our study area are consistent with a pattern of erosion that would be expected for a
zone of broad, differential rock uplift associated with magmatic inflation, erosional
isostasy, tectonic forcing, or some combination of these. Dynamic mantle-driven uplift is
appealing as a possible forcing given the location of the Raton section study area above
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Figure 9. Graphs of denudation rates (A) and magnitudes (B) versus P-wave mantle velocity at 80 km
depth. Maximum denudation occurs over areas of lower velocity mantle. P-wave velocity values from
Schmandt and Humphreys (2010).
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the Jemez mantle anomaly and steep seismic velocity gradient, across which differences
in mantle buoyancy may vary substantially. Moreover, as dynamic uplift has already
been implicated as a possible driver for incision of the Canadian River canyon during the
Plio-Pleistocene (Wisniewski and Pazzaglia, 2002), it is useful to compare long-term
average denudation rates with seismic velocity in the mantle. Figures 9A and 9B show
that the highest long-term average denudation rates calculated for the Raton section are
concentrated above mantle with the lowest seismic velocities, which are located in the
northwest where possible dynamic components of uplift would be expected (refer to Fig.
1B). This decrease in denudation rates as a function of mantle seismic velocity
accompanies the southeastward decrease in denudation rates towards the hinge line of
“low-to-no” erosion (Fig. 7A). We suggest that the “low-to-no” erosion line may be
considered as a tectonic hinge-line above the steep mantle velocity gradient, where the
magnitude of rock uplift due to mantle flow and/or buoyancy changes in the crust or
mantle since the late Miocene is expected to be negligible, but which generally increases
towards the northwest within our study area.

6. Longitudinal stream profile analysis
We build on the work of Wisniewski and Pazzaglia (2002) who inferred the presence
of a broad (100 km) convexity in the profile of the Canadian River and its fluvial
terraces. They speculated that the cause for this profile morphology was epeirogenic
arching related to dynamic support of the lithosphere by warm, buoyant asthenosphere.
Since the effects of epeirogeny should occur at a regional scale over long-wavelengths,
their interpretation raises the question of whether the similar convexities can be seen in
the profiles of other regional streams. Following the methods of Whipple et al. (2007),
we use channel steepness indices to quantitatively compare the longitudinal stream
profiles of the Canadian River with other drainages in our study area. The goal of this
analysis is to test the hypothesis that profiles of rivers crossing the Jemez lineament may
exhibit oversteepened, disequilibrium profiles that reflect differential surface uplift.
Channel steepness analysis is based on a power-law scaling between local channel
slope (S) and upstream catchment area (A):
Equation 1
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where ks and θ are indices of steepness and concavity, respectively. This relationship
between channel slope and catchment area has been observed in a variety of tectonic and
climatic settings (Flint, 1974; Hack, 1973; Howard and Kerby, 1983). In order to make
direct comparisons of channel slopes among different rivers, a reference concavity θref is
widely used to derive a dimensionless normalized channel steepness value, ksn (Wobus et
al., 2006). We use the common reference concavity of θref = 0.45 in our calculations
(Burbank and Anderson, 2011) and 90 m resolution digital elevation models from the
National Elevation Dataset. Additional information regarding user-defined parameters in
the digital analysis of DEMs is recorded in Table DR2 of the Appendix.
The results of this analysis (Fig. 10) indicate that the normalized steepness (ksn) of
the Canadian River is low (<60) in the Southern Rocky Mountains (Sangre de Cristo
Range), but steps up to moderate values (60-80) as it approaches the Cimarron
escarpment at Raton. After the river passes Raton, ksn returns to low values until
Springer, where it steps up to moderate-to-high (>120) values that persist throughout the
Canadian River Canyon. This steep reach approximately coincides with the bowed reach
inferred from the terrace study of Wisniewski and Pazzaglia (2002). Finally, ksn returns
to low values downstream of the Canadian escarpment, punctuated only by artificial steps
associated with the man-made Conchas and Ute Lakes. Other streams in the study area
are generally lower order streams (likely with correspondingly lower discharges) and
exhibit low normalized steepness (ksn) everywhere except in the Southern Rocky
Mountains and along a broad, northeast-trending region associated with the Canadian
escarpment, highlighted with a white ellipse in Figure 10.
Normalized channel steepness is expected to vary with uplift rate, climate, and
substrate erodibility (Duvall et al., 2004; Kirby and Whipple, 2003; Lague, 2003; Snyder
et al., 2000; Whipple and Tucker, 1999) and recent studies have documented systematic
increases in ksn as erosion rates increase in landscapes exhibiting a relatively uniform
precipitation and lithology (DiBiase et al., 2010; Ouimet et al., 2009). In these studies,
channels are argued to be locally adjusted to the differential trunk river incision (Ouimet
et al., 2009) and differential rock uplift (DiBiase et al., 2010). Although lithology could
play a major role in the steepness of channels in some drainages in the Raton section of
the Great Plains (e.g. the Maxson Crater basalts occupy the Mora River canyon for tens
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Figure 10. Map of normalized channel steepness indices determined for streams in the Raton Section.
Backround is a shaded relief map of the region. Note the NE-trending alignment of high steepness
indices on the plains.
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of kilometers), there does not seem to be any consistent lithological marker that is
particularly resistant to erosion that could be responsible for the high-ksn reaches in other
drainages. The fact that these knickpoints are evident in the modern river profiles, as
well as in terrace geometries dating back as far as ~1.6 Ma (Wisniewski and Pazzaglia,
2002), suggests that some long-term control is responsible for their formation and
persistence through time. That the zone of steep river reaches is located above the NEtrending Jemez mantle velocity gradient (Fig. 1B) suggests the possibility of dynamic,
differential uplift to explain the position of these knickpoints (e.g. Karlstrom et al., 2012).

7. Geometry and timing of post-Miocene drainage reorganization
River geometries provide a sensitive record of the potential interplay between
tectonics (e.g. differential uplift) and geomorphic adjustments like headward erosion and
stream capture. New 40Ar/39Ar ages from the Raton-Clayton volcanic field permit new
constraints on the evolution of the stream network since the late Miocene and are used
along with preexisting drainage evolution scenarios from other workers (Seni, 1980;
O’Neill and Mehnert, 1988; Wisniewski and Pazzaglia, 2002; Galloway et al., 2011;
Cather et al., 2012). Figure 11 shows our proposed drainage reconstruction at four time
intervals: the late Miocene, early and middle Pliocene, and Pleistocene. During the late
Miocene at ~6 Ma (Fig. 11A), aggrading streams still flowed east-southeast off the
Southern Rocky Mountains (O’Neill and Mehnert, 1988) towards the distal fans of the
Ogallala distributive fluvial systems near the Texas-New Mexico border (Seni, 1980).
The nascent Raton-Clayton and Ocate volcanic fields consisted of only a few eruptive
centers located primarily in the headwater regions of major streams. Ogallala Group
river gravels below Mesa de Maya and the Black Mesa outflow (both dated at ~5.1 Ma)
provide strong evidence that the headwaters of the ancestral Dry Cimarron River were
located in the Southern Rocky Mountains and flowed eastward at during this time
(Stroud, 1997, this study). Likewise, what is here termed the ancestral Vermejo River
flowed east-southeast and supplied the Dalhart-Amarillo sedimentary fan lobe in the
west-Texas panhandle (Seni, 1980). Several basalt-capped gravel surfaces near Angel
Fire slope towards the southeast (O’Neill and Mehnert, 1988), suggesting that the
ancestral Mora and Pecos Rivers took a more southeasterly route off of the mountains
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before continuing on towards the alluvial fans to the east. In the Miocene, there would
have been no N-S integration of either the Canadian or Pecos River systems as evidenced
by the presence elevated Ogallala Group gravels far to the east of these N-S drainages
that contain exotic clasts sourced in the Rocky Mountains. The ESE arrangement of
drainages during the Miocene likely reflects N-S uplift of the Rocky Mountains since
mid-Tertiary time.
By the early Pliocene (Fig. 11B), widespread Ogallala Group deposition had largely
ceased (around 4.5 Ma (Chapin, 2008)) and streams had begun to incise the Great Plains
surface (the “turnaround” of McMillan et al. (2006)). In some cases, new
canyons/drainages were cut south of, and parallel to, basalt-filled paleovalleys,
potentially indicating a relative base level fall to the southeast or headwater uplift in the
northwest. In the north for example, eruptions at Mesa de Maya filled the channel of the
ancestral Dry Cimarron River at ~5.1 Ma, forcing the stream to shift to the south.
Elsewhere, eruptions continued to occur near the headwaters of the ancestral Mora River
and along the ancestral Vermejo River as evidenced by the ~5.3 - 4.7 Ma Yates flows.
Ogallala gravels were observed to be stratigraphically above the 4.7 Ma Yates flows,
indicating that the ancestral Vermejo River was still fed by its headwaters in the Rocky
Mountains around this time. Farther to the east, the base of the Ogallala Group had
already experienced substantial subsidence (up to100-200 m) in the Texas panhandle due
to the large-scale dissolution and collapse of Permian evaporite deposits which may have
begun in the middle Miocene (Gustavson, 1986). This extended collapse history is
recorded in thickening sequences of Ogallala deposits, tilted lacustrine deposits, dated
sink holes, and faulted fluvial terraces and may continue to the present based on the high
solute load of the modern Canadian River (Gustavson, 1986).
Around the middle Pliocene (3.6 Ma, Fig. 11C) the ancestral Canadian and Dry
Cimarron Rivers had probably begun to carve their deep canyons and the Canadian River
system headwaters migrated northwards, likely by headward erosion from its confluence
with the ancestral Mora, and captured the ancestral Vermejo River. This capture event is
inferred by the onset of rapid denudation after ~4.5 Ma in the Charette Lakes area, which
could have been driven by increased incision as tributary streams were incorporated in to
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Figure 11. A post-Miocene drainage reconstruction for the Raton section of the western Great Plains at
four time intervals using new ages from basalts in the Raton-Clayton volcanic field and data from Seni
(1980), O’Neill & Mehnert (1988), Wisniewski & Pazzaglia (2002), and Galloway et al. (2011). Shown
on all maps are boundaries for U.S. States and New Mexico counties and basalts (black) that had
erupted by each time interval. SRMs—Southern Rocky Mountains. (A) In the late Miocene (6 Ma),
aggrading streams flowed E-SE towards the distal fans of the Ogallala distributive fluvial systems. (B)
By the early Pliocene (4.4 Ma) streams had begun to incise into the Great Plains (Ogallala) depositional
surface and northward integration of the proto-Canadian river started from the ancestral Mora River.
(C) Around the middle Pliocene (3.6 Ma) the ancestral Canadian and Dry Cimarron Rivers began to
carve their deep canyons. Northward integration of the Canadian River continues through this time. (D)
In the Pleistocene (2.2 Ma), stream networks largely resembled the modern, with the capture of the
headwaters of the ancestral Dry Cimarron River by the ancestral Canadian River. Canyons and
escarpments had attained no more than half of their modern depth/height.
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the master Canadian River system. New volcanic eruptions continued to occur
throughout the region around this time.
By the Pleistocene (2.2 Ma, Fig. 11D), canyons and escarpments were probably well
developed (O’Neill and Mehnert, 1988; Wisniewski and Pazzaglia, 2002), but had not
likely attained more than half of their modern depth/height assuming steady state incision
along the Canadian River (Wisniewski and Pazzaglia, 2002, described in the following
section). The migration of the Canadian River headwaters had likely continued
northward, capturing the headwaters of the ancestral Dry Cimarron River and cutting it
off from a large portion of its catchment area, just as many smaller streams draining the
southeastern Raton-Clayton field had previously been cut off from their mountain
headwaters as the Canadian River system became integrated. The Dry Cimarron River
capture event is inferred from the order-of-magnitude increase in denudation rates near
Raton, NM at ~3.4 Ma (Fig. 8), which may have been driven by increased fluvial incision
as tributary streams were incorporated to the master Canadian River system in response
to differential uplift around this time. By the Pleistocene, stream networks largely
resembled their modern configurations, with the south-flowing Canadian River being
well-established as the master stream draining the eastern flank of the southernmost
Rocky Mountains. Similarly, the ancestral, east-flowing Pecos had been diverted towards
the south sometime after 3.6 Ma according to Wisniewski and Pazzaglia (2002).
We suggest that this pattern of reorganization—from a series of ESE flowing
streams draining the Southern Rocky Mountains during the late Miocene, to a system
dominated by the SSE-flowing Canadian River—may also be indicative of broad
differential rock uplift since the end of the Miocene. A general uplift concentrated in the
northwest could have diverted existing streams towards the south-southeast and headward
erosion would have been concentrated up the tilt gradient. Moreover, the NE-trending
zone of high-ksn knickpoints (described above) are interpreted to be due to adjustment of
rivers to steeper headwaters as the escarpments also migrate in a headward direction (see
below).
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8. Origin and evolution of erosional escarpments
The origins and ages of the Canadian and Cimarron escarpments can be inferred, in
part, using the positions of dated volcanic flows and other stratigraphic relationships.
The Cimarron escarpment extends for 80 km between Cimarron and Raton, NM, forming
the southeastern edge of the Park Plateau (Fig. 2). The Park Plateau is composed of rocks
that were deposited in the Raton Basin, a Laramide sedimentary depocenter that began
filling during the retreat of the late Cretaceous epeiric seaway and continued to fill until
the middle Paleocene (Cather, 2004). Since the Cimarron escarpment roughly mimics
the distal limits of Laramide sedimentation (Cather, 2004), its present position and
orientation could be related to the architecture of the Raton Basin, itself. This is not to
suggest, however, that that the Cimarron escarpment is a particularly long-lived
geomorphic feature. Evidence instead suggests that the Cimarron escarpment is a
relatively young feature and could not have existed before the middle Pliocene based on
the ~3.4 Ma Bartlett Mesa flows located at the northeastern termination of the Cimarron
escarpment. These flows were erupted onto a low-relief surface with no indication of
cascades into steep canyons or down escarpment faces. Moreover, ridge-top elevations in
the Park Plateau correlate with the elevations of 4-5 Ma basalt-capped surfaces in the
Ocate volcanic field (Fig. 2A). This suggests that prior to ~4.5 Ma, a continuous lowrelief surface may have extended between the ridge-tops of the modern Park Plateau and
the northeastern parts of the Ocate volcanic field in what was termed the ‘Urraca’ surface
by O’Neill and Mehnert (1988).
The more southerly Canadian escarpment, in contrast, has no known major structural
controls on its position (e.g. it is not located at a basin margin) and is described by
Wisniewski and Pazzaglia (2002) as a relatively youthful landform based on its high
topography and lack of large consequent drainages. More specific constraints on the age
of the Canadian escarpment are as follows: (1) The escarpment could not have existed
at/near its present location before ~4.5 Ma, the estimated end of Ogallala Group
deposition on the Southern High Plains (Chapin, 2008), because preserved remnants of
Ogallala Group rest at similar elevations on the Canadian escarpment, Mesa Rica (to the
south) and on the Caprock escarpment (even further south) suggesting that a continuous,
gently sloping, Miocene paleosurface extended across what is now that Canadian River
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valley. (2) ~4.7 Ma Yates flows outcrop at the very edge of the modern Canadian
escarpment, yet there are no cascades to suggest that they poured down a paleoescarpment face. (3) The 1.57 Ma Maxson Crater basalts (Olmsted and McIntosh, 2004)
flowed down the paleo-Mora and Canadian River canyons that were ~half as deep as
their modern counterparts. Since depth of the canyon and the height of the escarpment
are equal at the canyon mouth near Sabinoso (Fig 2A), this could indicate that the
escarpment was also only half as tall at the time of emplacement of the Maxson Crater
flows, as it is now. By extrapolating a steady rate of Canadian River canyon incision
between 1.57 and the present, we can estimate that canyon carving may had begun by at
least ~3.1 Ma. This time might also be a good estimate for the beginning of escarpment
development. Finally, (4) the channelized Maxson Crater flows extend about 10 km
southeast of the modern escarpment /canyon mouth (basalts near Sabinoso, NM, Fig.
2A), but appear to have been channelized at the time of emplacement. This raises the
possibility of this amount of lateral escarpment/canyon mouth retreat since 1.57 Ma.

9. Evidence for tectonically-tilted paleosurfaces
In the northern part of the Raton-Clayton volcanic field, near Raton, NM, the
apparent onset of relatively rapid denudation observed at ~3.4 Ma (Fig. 8) was preceded
by a period of low (~10 m/Ma) denudation rates beginning no later than 9 Ma. This
period coincides, at least partly, with the deposition of Miocene Ogallala Group
sediments (until at least 4.5 Ma, (Chapin, 2008)) and suggests a long-lived period of
relative surface stability in the northern portion of the study area between 9 and 3.4 Ma.
Thus, if we examine only the basalt flows in the northern part of the study area which
were emplaced during this period of surface stability, then these flows can be considered
as capping a single, composite paleosurface that is about 3.4 Ma, in age. From west to
east, these flows include: Bartlett Mesa (3.37±0.10 Ma), Barela Mesa (9.04±0.04 Ma),
Johnson Mesa (7.73±0.03 Ma), Mesa de Maya (5.05±0.02 Ma), and Black Mesa
(5.10±0.03 Ma), which is a long, sinuous outflow from the Mesa de Maya basalts (see
Fig. 4 for mesa locations). Moreover, because most of these flows (with the possible
exception of Bartlett Mesa) are underlain by Ogallala river gravels containing exotic
clasts sourced in the Rocky Mountains, we argue that this composite surface actually
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Figure 12. West-to-east profiles of the Raton section at ~37°N (C-C’ in Figure 7a). (A) Flexural
isostatic response to net eroded thickness since 10 Ma (Lazear et al., 2011). About 300 m of differential
rebound are observed over 114 km (15 millidegrees/Ma). (B) Topographic profile. Projections of
nearby, pre-3.4 Ma Raton-Clayton basalt flows define a composite paleosurface that mimics the
Ogallala depositional gradient (see text). Longitudinal profiles of the Canadian and Dry Cimarron
Rivers are shown for the extent that they are sub-parallel to the line of transect. Average slope of the
pre-3.4 Ma paleosurface is nearly 2x as steep as the average modern gradient of the Dry Cimarron river,
indicating up-to-the-west tilting of 64 millidegrees/Ma about an axis located near the eastern end of the
transect. (C) P-wave tomography from Schmandt and Humphreys (2010) shows lowest-velocity mantle
below the area that has experienced the maximum apparent tilt.
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preserves the Ogallala depositional gradient in the northern part of our study area. This
surface is best visualized if each flow is projected into a west-east profile along the
transect C-C’ (Fig. 7A).
Figure 12B shows a topographic profile along C-C’ starting in the Rocky Mountains
and decreasing in elevation onto the High Plains to the east. Also shown, are the
projections of Mio-Pliocene basalts (red) which were erupted during the period of relative
landscape stability and define a gently concave-up profile. This profile morphology is
characteristic of fluvially-carved valleys and/or paleo-Great Plains pediment surfaces and
is possibly continuous with the Urraca surface of O’Neill and Mehnert (1988). The
average slope of this paleosurface is 8.5 m/km, nearly twice is as steep as the average
slope of the modern Dry Cimarron River (4.6 m/km, blue) which runs parallel to the line
of transect. Assuming that the ~3.4 Ma Ogallala depositional surface formed at the same
average slope as that of the modern Dry Cimarron, we’ve inferred that this surface has
tilted 64 millidegrees/Ma (millidegree = 10-3 degrees) since ~3.4 Ma. Starting at our
interpreted tilt axis in Figure 12B, this seemingly insignificant rate of tilt becomes nontrivial towards the western extent of our age control, where the angular tilt rate translates
into an apparent differential uplift of 650 m since 3.4 Ma. Data used in the calculation of
tilt rates are provided in Table DR3 of the Appendix.
The assumption regarding the original gradient of the Ogallala depositional surface
is important because it directly influences our estimate for the magnitude of apparent
tilting and differential uplift since ~3.4 Ma. While the original depositional gradient of
the Ogallala Group certainly could have been steeper than we suggest, there are two
primary reasons for concluding that the original depositional slope may have actually
been shallower than that of the modern Dry Cimarron River, thus rendering our
calculations as conservative estimates of apparent tilting. First, our assumed original
Ogallala depositional slope is steeper than estimates made by previous workers, which
were determined using paleohydraulic methods to be in the range of 0.8 – 2.1 m/km on
the High Plains of southern Wyoming (McMillan et al., 2002) and 1.7 m/km on the
Colorado Piedmont (Leonard, 2002). And second, the modern Dry Cimarron River
almost certainly has a much smaller catchment today than it did at ~3.4 Ma when its
headwaters were sourcing Precambrian clasts approximately 100 km to the west in the
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Rocky Mountains. Since river channel slope is inversely related to upstream catchment
area via Equation 1, it is likely that the average slope of the modern river is steeper now
than it was in the Pliocene.
If it is taken for granted that the apparent tilt described above represents an actual
physical tilting of the Great Plains surface, there are still at least two plausible
explanations for this rotation since ~3.4 Ma. The first, is some form of tectonic tilting,
which has traditionally been inferred to explain these types of geometries (e.g. Epis et al.,
1980; Trimble, 1980; Eaton, 1986; Eaton, 2008). An alternative model involves isostatic
uplift in response to post-Miocene erosion that is driven by regional or global changes in
climate (Molnar and England, 1990; Gregory and Chase, 1992; 1994; Wobus et al.,
2010). The modeling results of Lazear et al. (2011), however, suggest that erosional
flexural isostasy only accounts for about 300 m of differential isostatic rebound since 10
Ma (15 millidegrees/Ma) along the C-C’ transect (Fig. 12A). This magnitude amounts to
less than half of our estimated maximum differential uplift, leaving ~350 m of uplift
since ~3.4 Ma (34 millidegrees/Ma) that must be explained by some tectonic forcing.
Given the long wavelength of apparent tilting (at least 400 km) and the position of this
paleosurface above Jemez low velocity mantle anomaly (Fig. 12C), dynamic, mantledriven uplift seems to be a likely cause for the observed differential uplift. Moreover, the
interpreted tilt axis is coincident with the NE-trending hinge-line of low-to-no erosion
shown in Figure 7A, as well as the zone of steep gradients in mantle seismic velocity (Fig
12C).
Apparent late Cenozoic tilting has also been observed elsewhere on the western
Great Plains and Figure 13 synthesizes the results of studies that have previously
proposed tilts of similar magnitudes. McMillan et al. (2002) measured tilts on Ogallala
Group sediments far to the north of our study area in Wyoming and western Nebraska
and inferred a maximum of 540 m of uplift/tilting of the Rockies since 18 Ma (angular
rate of about 9 millidegrees/Ma). Leonard (2002) also measured Ogallala Group tilting
along transects spanning the Colorado piedmont and estimated a maximum of 600 m/Ma
of tilt since 17.5 Ma along the Canadian-Arkansas interfluve (angular rate of about 9
millidegrees/Ma). Others have noted a tilted middle Cenozoic partial annealing zone
(PAZ) defined by apatite fission track thermochronology of surface and borehole samples
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Figure 13. Summary of tilted paleosurfaces on the Great Plains. (A) Ogallala Group sediments have
been tilted at an angular rate of 9 millidegrees/Ma since 17.5 Ma in western Nebraska and southern
Wyoming. Plot modified from McMillan et al. (2002). (B) Differential tilting of Ogallala Group
sediments along four transects was documented on the Colorado Piedmont. Maximum observed tilting
is reported along the NM-CO border (Canadian-Arkansas Interfluve) and suggests a tilt rate of 9
millidegrees since 18 Ma. Plot modified from Leonard (2002). (C) A tilted, middle Cenozoic apatite
partial annealing zone that extends from the surface down to ~ 2km depth. The tilt rate of this partial
annealing zone is 22 millidegrees/Ma since ~28 Ma. Plot modified from House et al. (2003). (D)
Location of transects from previous studies. The background is a map of P-wave velocity (%) at 80 km
depth from Schmandt & Humphreys (2010).
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that indicates about 22 millidegrees/Ma since ~28 Ma (House et al., 2003; Leonard et al.,
2002). Notably, the angular tilt rate that we have calculated in our study area is about 3-7
times greater than the rates calculated in previous studies elsewhere on the Plains.
Moreover, our proposed tilts occur across a NE- trending hinge-line parallel to the Jemez
lineament, rather than across the N-S Rocky Mountain trend, and are considerably
younger (averaged over 3.4 Ma compared to 17.5-28 Ma). This indicates that either more
tilting has occurred within our study area, or that the rate of tilting has accelerated in late
Cenozoic time, with much of the observed tilting occurring since the end of the Miocene.
Both McMillan et al. (2002) and Leonard (2002) have also argued against the model
that climate driven-erosional isostasy can account for the full magnitudes of tilting based
on results from their 1- and 2-D flexural models which replicate only about one half of
observed tilts. Furthermore, these authors suggest various tectonic drivers to account for
the remaining tilt, including the northward propagation of the Rio Grande Rift or mantledriven uplift. As described above, we suggest that the observed patterns of denudation
and apparent tilting of paleosurfaces are consistent with post-Miocene mantle-driven
uplift. But because our study area is located in a special position above the Jemez lowvelocity mantle anomaly, it is difficult to speculate about the influence of dynamic uplift
on the study areas of McMillan et al. (2002) and Leonard (2002) farther to the north.

10. Synthesis of northeast-trending landscape patterns
Dominant northeast-trending landscape patterns in our study area are evident in
volcanic and erosional topography, longitudinal stream profile evolution, and long-term
denudation rates. These local trends are overprinted on and stand in contrast to the
overall north-south orientation of features associated Southern Rocky Mountains and the
broader “Alvarado Ridge” as defined by Eaton (1986) and redfined by Eaton (2008). Our
observed NE-trends include (1) crude volcanic “belts” of similar age, (2) retreating
erosional escarpments, (3) differential landscape denudation measured from a NEtrending hinge-line of “low-to-no” denudation, (4) a NE-trending zone of broad (50-100
km) convexities in stream profiles identified by normalized channel steepness index (ksn)
analysis which identifies anomalously steep river gradients, (5) a reorganization of stream
networks from ESE-flowing streams, to a SSE-flowing Canadian River that takes
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advantage of a relative base level fall in the southeast, and (6) an 40Ar/39Ar-dated
composite paleosurface, which indicates total tilting of 64 millidegrees/Ma (and 34
millidegrees/Ma of tectonic tilting) since 3.4 Ma. These features are all collocated with
the NE-trending Jemez lineament and its associated mantle low-velocity anomaly and
steep velocity gradient. The coincidence of spatial trends and timing of development of
magmatic and erosional features is consistent with broad, epeirogenic uplift of the Raton
section, and its landscape responses, since the end of the Miocene.

11. Alternative hypotheses: potential influence of climate change and non-tectonic
changes in base-level
Although, erosional patterns are generally consistent with epeirogenic uplift above
the Jemez lineament, other factors—like climate-driven erosion, isostatic compensation
for denudation, and non-tectonic changes in base-level—can have similar signals that are
difficult to differentiate from tectonic uplift and must be considered. To test these other
potential forcing requires a similar level of spatial and temporal control as we considered
above.

11.1 Climate-driven erosional isostasy
There are several known changes in post-Miocene climate that broadly correspond to
changes in denudation rates that authors have argued could provide a control on the turnaround from aggradation to incision of the western Great Plains. Chapin (2008) discusses
the effects that the opening of the Gulf of California by about 6.4 Ma had on precipitation
in the Southwest. He makes the case that the opening of the gulf would have resulted in
an intensification of the North American Monsoon and that thunderstorms generated by
monsoonal moisture could have greatly increased erosion of the semiarid Southern Rocky
Mountains/western Great Plains area (Mann and Meltzer, 2007; Tucker et al., 2006) since
the latest Miocene. This proposed climate shift, however, predates the onset of both
rapid denudation and drainage reorganization, thus making it difficult to assess its
relationship to landscape evolution in our study area. Wobus et al. (2010) listed several
possible climatic shifts that could contribute to post-Miocene erosion of the Great Plains.
They include: (1) the global δ18O record, which shows the beginnings of a ~2‰ negative
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shift started near the Miocene-Pliocene boundary (5.3 Ma) (Zachos et al., 2004) and
could record a shift toward more snowmelt-dominated hydrologic systems, which
modified the type and extent of vegetative cover in the Rockies, and/or changed
atmospheric circulation patterns and the frequency distribution of storms, but provide no
ready explanation for onset of rapid denudation later, between ~ 3.5 and 4.5 Ma, nor the
patterns of drainage reorganization from ESE- to SSE-flowing master drainages; (2) the
carbon isotope record from the High Plains also begins a regional ~6‰ positive shift at
the end of the Miocene (Fox and Koch, 2003), consistent with an increase in aridity to the
east of the Rockies, but also predates the observed onset of rapid denudation, (3) the
terrestrial record shows the first major advance of ice sheets into the central United States
around 2.5 Ma (e.g. Balco et al., 2005), which was most likely accompanied by changes
in alpine glaciation in the headwater systems as well and could have modified water and
sediment flux in streams draining the southern Rocky Mountains. The advance of ice
sheets, however, post-dates the observed turnaround from aggradation to incision by ~1-2
Ma, suggesting that some other forcing must be responsible for the changes observed.
While one or more of these climate changes could certainly have had a significant
impact on the magnitude of incision on the western Great Plains and throughout the
southwest, their timing does not coincide with changes in calculated erosion and,
importantly, such climate forcings would be expected to be regional and therefore seem
insufficient to explain the patterns of differential erosion observed within our relatively
small study area. One of the largest obstacles to climate-driven landscape models, as
discussed by Wobus et al. (2010), is that there is no direct evidence of how documented
late Cenozoic climatic changes would have influenced the hydrology of High Plains river
systems. That is, even if climate events are temporally well-correlated with the
turnaround from aggradation to erosion, there is still great uncertainty about how those
changes would impact the pattern of erosion on the plains. Our view is that the best way
to distinguish between patterns of river incision that are largely the result of climaticallydriven geomorphic parameters versus those that would result from differential tectonic
uplift is to examine temporal and spatial patterns of change, which need to correlate with
a precise timing of postulated climate changes, have temporal scales of differential
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denudation that correspond with climate cycles (e.g. river terraces), and a have a spatial
variation that can be explained by regional climate patterns.
Wobus et al. (2010) worked to do just that using a mathematical sediment transport
model to identify distinctive patterns of landscape incision. They found that sustained
rock uplift creates river channels that are everywhere steeper than their initial gradients,
while incision driven by an increase in discharge or a decrease in sediment supply creates
channels that are everywhere less steep. Wobus et al. (2010) dismiss the paleohydraulic
analysis by McMillan et al. (2002), citing uncertainty and high margins of error in their
analysis and argue that the gradients of the Arkansas and South Platte Rivers have
decreased since the late Miocene, which would be consistent with their predicted effects
for climate-driven incision. Unfortunately, paleogradients of the rivers in the Raton
section are not currently constrained by any data that we know of, determined by
paleohydraulic analyses or otherwise. However, our data for these rivers support the
arguments and approaches of McMillan et al. (2002) and Leonard, (2002) which suggest
that the Great Plains surface has steepened since the late Miocene. Additionally, our
river steepness analysis supports the concept that rivers and erosional escarpments have
been actively responding to disequilibrium conditions via incision transients rather than
becoming better graded and decreasing in slope over this time period.
Spatial patterns of drainage reorganization are also difficult to explain if one
implicates climate-driven geomorphic parameters as the dominant driver of post-Miocene
erosion on this part of the Great Plains, with little or no tectonic component. The
reorganization of ESE-flowing rivers during the deposition of Ogallala Group sediments,
to the SSE-flowing Canadian River system would rely on base level fall/headwater uplift
gradients oriented from the northwest to the southeast. The development of a drainage
system in this orientation makes sense, however, if we allow for post-Miocene
epeirogeny above the Jemez lineament.

11.2 Base level fall by salt collapse
Large-scale dissolution of Permian bedded salts along the modern Canadian River in
west Texas has been documented by Gustavson (1986), who argued that dissolution has
led to significant subsidence (100-200 m) of the base of the Ogallala Group since the
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middle Miocene and may have exerted some control over the location and morphology of
the modern Canadian River valley. It is clear that a relative base level drop of this
magnitude has the strong potential to influence the rates and patterns of erosion observed
upstream in the Raton section and must also be considered in our analysis. There are two
lines of reasoning, however, which likely preclude evaporite collapse in west Texas from
exerting a dominant control of the patterns of erosion observed in this study. The first is
that the magnitude of subsidence due to evaporite dissolution is too small. It is
implausible that a 200 m drop in base level could result in the carving of canyons and
escarpments that are twice as deep. Moreover, this subsidence does not explain the
spatial patterns of long-term average denudation and the NE-trending “low-to-no”
erosion hinge line (Fig. 7A).
Second, the timing of evaporite collapse does not necessarily correspond with the
timing of observed erosion upstream. Gustavson notes that a significant portion of
dissolution-induced subsidence may have occurred since the middle Miocene—during
the deposition of Ogallala Group and before the turnaround from aggradation to
denudation—as evidenced by thickening Ogallala sedimentary packages into the zone of
proposed subsidence. In other words, much of the documented dissolution and
subsidence may have occurred during a period of aggradation, long before the
development of the Canadian River canyon and escarpment, and it therefore seems
unlikely that downstream evaporite collapse can be implicated as a dominant driver of
spatial and temporal erosion patterns in the Raton section.

12. Conclusions and Implications
This evaluation of surface evidence demonstrates a strong connection between
mantle velocity structure, NE-trending landscape features on the western Great Plains,
and thus possible surface uplift since the late Miocene. These NE-trending landscape
features include: (1) crude volcanic “belts” of similar age, (2) retreating erosional
escarpments, (3) differential landscape denudation measured from a NE-trending hingeline of “low-to-no” denudation, (4) a NE-trending zone of broad (50-100 km) convexities
in stream profiles identified by normalized channel steepness index (ksn) analysis, (5) a
reorganization of stream networks from ESE-flowing streams during the Miocene, to a
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modern, SSE-flowing Canadian River system that takes advantage of a relative base level
fall in the southeast, and (6) an 40Ar/39Ar-dated composite paleosurface, which indicates
total tilting of 64 millidegrees/Ma (and 34 millidegrees/Ma of tectonic tilting) since ~3.4
Ma.
Neogene climate change could have played important roles in late Cenozoic
landscape evolution, but likely at different temporal and spatial scales to the landscape
features we observe. For example, postulated climate changes summarized by Chapin
(2008) and Wobus et al. (2010) do not aptly explain patterns, magnitudes, or timing of
long-term differential denudation and tilting. Moreover, climate-driven erosional
isostasy does not fully explain the timing or magnitudes of tilting, as the flexural models
of McMillan et al. (2002), Leonard (2002), and Lazear et al. (2011) show that this effect
accounts for only ~ 50% of apparent tilts, thus necessitating a tectonic component of
uplift to explain the observations.
Evaporite collapse mechanisms for base level fall likely operated in the past (e.g.
Gustavson, 1986), but the magnitude and timing of the collapse region in west Texas do
not easily account the NE-trending alignment of escarpments and knick points or the
onset of more rapid denudation in the since the end of the Miocene. Instead, we envision
salt collapse as process that is entwined with tectonically-instigated landscape evolution.
Similarly, the change from ESE-flowing to SSE flowing drainages is spatially consistent
with a hypothesis for uplift along the NE-trending Jemez lineament, but is unexplained
by climate change scenarios.
Mechanisms for increasing mantle buoyancy remain poorly understood, but seem to
be related young flux of basaltic magma and volatiles along the Jemez lineament.
Although, flow pressures at the base of the lithosphere are modeled to cause 100s of m of
surface uplift over many hundreds of km (e.g. Moucha et al., 2009 and van Wijk et al.,
2010), they are not strongly favored here because of the relatively short wavelength of
the Jemez zone (a few hundred km). Uplift caused by magmatic inflation in dike and sill
networks in the crust and mantle lithosphere below the Raton-Clayton and Ocate volcanic
fields is perhaps a more likely explanation for the observed surface patterns considering
the scale of the Jemez zone. Thus, our preferred interpretation for the tilted paleosurface
and patterns of denudation in our western Great Plains study area involves erosion in
44

response to mantle-driven dynamic topography, generated by some combination of flow
(minor) and buoyancy change (major) in the crust and mantle lithosphere since the
Miocene due to magma and volatile flux from the deeper mantle. 
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Table DR 1: Calculations of Denudation Rates Through Time at Four Locations
Sample
Raton Area
JS-95-20
JS-95-13
JS-95-1
JS-95-21
--

Location

Age (Ma)

Barela Mesa
Johnson Mesa
Bartlett Mesa
Yankee Mesa
AFV

Elevation (m)

Elev. above
AVF (m)

Den. Rate (m/Ma)

9.04
7.73
3.37
1.14
0

2510
2516
2451
2252
2121

389
395
330
131
0

-4.580152672
14.90825688
89.23766816
114.9122807

Mesa Larga Area
JS-95-15
Mesa Larga
JS-95-56
Kiowa Mesa
JS-95-68
Blosser Mesa
-AVF

6.12
6.86
0.73
0

2277
2271
2090
2032

245
239
58
0

-8.108108108
29.5269168
79.45205479

Charette Lakes Area
OCA-019
Apache Mesa
OCA-037
Rayado Mesa
OCA-041
Ortega Mesa
OCA-039
Rivera Mesa
OCA-016
Charette Mesa
-AVF

4.59
4.46
3.51
3.47
3.2
0

2248
2208
2175
2107
2043
1926

322
282
249
181
117
0

307.6923077
34.73684211
1700
237.037037
36.5625

6.07

2028

153

6.03
6.02

2050
2097

175
222

-550
-4700

3.01
2.2
0

1923
1894
1875

48
19
0

57.80730897
35.80246914
8.636363636

Wagon Mound Area
The Wagon Mound
OCA-068
Las Mesas del
Conjelon West
OCA-014
Santa Clara Mesa
OCA--078
Wagon Mound Flow
OCA-008-2 over I-25
Salt Lake North
OCA-057
AVF
-2600
2500

Raton Area

2400
2300
2200

Mesa Larga
Area

2100

Charette Area

2000

Wagon Mound
Area

1900
1800
0

5

10
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Table DR2: User-Defined Parameters in Channel Steepness (ksn) Analysis
Ksn analysis was completed on 90m DEMs downloaded from the National Elevation Dataset
(NED). Processing and analysis was completed using the Profile Toolbar (available from
geomorphtools.org) according to the guidelines provided by Whipple et al. (2007) using the
“Auto KS Import” function. User-defined parameters include:

Reference Concavity (Theta Ref) = 0.45
Remove Spikes? = Yes
Step Remover? = No
Smooth Profile? = Yes
Smoothing Window = 500 m
Contour Sampling Interval = 20 m
Auto k_sn Window (km) = 0.5
Search Distance = 10
Minimum Accumulation = 10

120

121
0.3

Lazear et al. 2010
10

0.6

Leonard et al. 2002
18

1.09

0.68

McMillan et al. 2002
17.5

House et al. 2002
28

0.65
0.35
0.7195
0.592

Nereson et al. 2012
3.4
3.4
3.4
3.4

Age of surface (Ma) Max tilt (km)

114

100

223

250

171
171
171
171

Over distance measured (km)

0.150778019

0.624499265

0.154158676

0.155844136

0.217789926
0.1172719
0.241076433
0.198356526

Total Angular Tilt

0.015077802

0.022303545

0.008564371

0.008905379

0.064055861
0.034491735
0.070904833
0.058340155

Angular Tilt/Ma

radians to degrees=

57.2958

15 millidegrees/Ma

22 millidegrees/Ma

9 millidegrees/Ma

9 millidegrees/Ma

64 millidegrees/Ma
34 millidegrees/Ma
tectonic (tilt)
71 millidegrees/Ma maximum tilt (excluding Bartlett Mesa)
58 millidegrees/Ma minimum tilt (excluding Barela Mesa)

(in words)

Table DR3: Calculations of Rates of Tilting on the 3.4 Ma Composite Paleosurface (and comparison to other published tilt rates)
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